ABSTRACT In this paper, we study an energy-harvesting cellular two-way relay network with massive multiple-input multiple-output, where multiple energy-harvesting mobile stations (MSs) communicate with a base station (BS) via an energy-harvesting relay station (RS). A signal space alignment (SSA) based simultaneous wireless information and power transfer (SWIPT) protocol is proposed for efficient energy harvesting and information exchange. We analyze the performance of the proposed SSA-SWIPT scheme, and derive closed-form expressions for the asymptotic signal-to-interference-plus-noise ratios and the achievable sum-rate when the numbers of antennas at the BS and the RS go large simultaneously. We also investigate the optimal power splitting ratios at the RS and the MSs to maximize the achievable sum-rate. Numerical results are provided to verify the analysis and it is shown that employing massive antennas can improve the efficiencies of wireless energy harvesting and information transmission.
I. INTRODUCTION
Radio frequency (RF) based wireless power transfer (WPT) has emerged as an attractive solution to energy constrained communications in future wireless networks [1] - [4] . A key advantage of RF-based WPT is that RF signals can carry both energy and information, which enables energy constrained nodes to scavenge energy and receive information simultaneously. Such simultaneous wireless information and power transmission (SWIPT) technology has been investigated in [5] - [9] and the references therein.
However, due to the high attenuation of microwave energy over distance, harvesting RF energy is not sufficient for nodes that need to support frequent communications. For instance, a power density of around 1 mW/m 2 was reported around 50 meter distance from the conventional base station in the GSM band [8] . Such an amount of harvested power is negligible as compared with mobile stations' transmit power requirement.
With multiple antennas, especially the massive multipleinput multiple-output (MIMO) technology, the energy transfer and information transmission efficiencies could be significantly improved [9] - [13] . For instance, in [11] , Yang et al. considered a SWIPT system with a hybrid access point (H-AP) and multiple single-antenna users, where the H-AP is equipped with a large number of antennas and transfers energy to these users. It was shown that SWIPT with massive MIMO is a promising solution to overcome the energy bottleneck and provide high data rate. In [12] , Zhao et al. investigated a downlink massive MIMO system, where the base station (BS) simultaneously sends information and energy to information users and energy users, respectively. The optimal precoder for maximizing the minimal harvested power of energy users under the rate constraints of information users was derived. In [13] , Zhu et al. proposed user association schemes in massive MIMO aided heterogeneous networks (HetNets) with wireless power transfer, and showed that the use of large antenna antennas can improve both the harvested energy and the achievable rate in the HetNets.
Recently, the SWIPT technique has also been applied to multiuser relay networks [14] - [17] . In [14] , the SWIPT technique was applied to multiway massive MIMO relay networks, where the relay harvested energy using power splitting or time switching receivers, and the asymptotic signal-to-interference-plus-noise ratio (SINR) expressions were derived. In [15] , Salem and Hamdi investigated the impact of the available channel state information (CSI) on the performance of multi-pair amplify-and-forward (AF) twoway relay networks (TWRNs), and derived analytical expressions of the spectral and energy efficiencies in three different CSI cases. In [17] , Wang et al. proposed a power-splitting based decode-and-forward (DF) SWIPT relaying protocol for the multi-pair TWRNs, and investigated the optimal power splitting ratios to maximize the rates of all the user pairs simultaneously. The results in these works showed that both the power transfer efficiency and the throughput of wireless relay networks can be significantly improved with massive MIMO as in point-to-point systems.
However, all these existing works [14] - [17] focused on multi-pair TWRNs, where multiple pairs of users exchange messages with a common relay node. In this paper, we consider a SWIPT enabled cellular two-way relay network (cTWRN) with massive MIMO, in which multiple energy-harvesting MSs exchange information with a base station (BS) via a energy-harvesting relay station (RS). We propose a two-phase signal space alignment (SSA) based multiuser two-way relaying protocol with power splitting receivers to explore the benefits of massive MIMO in SWIPT enabled cTWRNs. Each round of information transmission and energy harvesting is completed in two phases. In the first phase, both the BS and the MSs transmit signals to the RS, while the RS harvests energy from the received signal using a power splitter. With the harvested power and its inherent power supply, the RS broadcasts linearly precoded signal to the BS and the MSs. The MSs perform energyharvesting and information processing using a power splitter as the RS, while the BS recovers the MSs' information using zero-forcing (ZF) equalization. We investigate the asymptotic performance of the proposed SSA-SWIPT scheme, and derive closed-form expressions for the SINRs and the harvested power. We also investigate the optimal power splitting ratios at the RS and the MSs to maximize the achievable sumrate. As it is quite difficult to find closed-form solutions for the resultant sum-rate maximization problem, we also propose a suboptimal solution with closed-form power splitting ratios to reduce the complexity. Both analytical and numerical results reveal that massive arrays can improve the spectral efficiency and WPT efficiency significantly in the considered energy-harvesting cTWRN. Fig. 1 shows a half-duplex cTWRN with K MSs and a singe RS. The BS is equipped with N B antennas, the RS with N R antennas, and each MS is equipped with a single antenna. The BS communicates with the K MSs via the RS. The BS is a powerful infrastructure, while both the RS and the MSs are power-limited devices and need to harvest energy from their received signals. Throughout of the paper, we assume the bidirectional data exchange is completed in two phases. In the first phase, i.e., the multiple access (MAC) phase, the BS and all the MSs send signals to the RS simultaneously. The received signal at the RS is splitted into two parts: one for energy harvesting and the other for information relaying. In the second phase, i.e., the broadcast (BC) phase, the RS broadcasts signal to the BS and the MSs with its inherent power supply and the harvested power. Each MS harvests power and process information using a power splitter. While at the BS, the received signal is used for information recovering only as the BS is a powerful infrastructure. The channels are assumed to be independent quasi-static flat fading.
II. SYSTEM MODEL
∈ C K ×1 denote the information symbols to be transmitted at the BS with E[s B s H B ] = I K . The transmit signal of the BS is generated as
where F B ∈ C N B ×K is the BS's transmit precoding matrix with E tr x B x H B = P B . In this paper, we use the signal space alignment based relaying scheme for simultaneous wireless information and power transfer. The BS linear precoding matrix F B is given by
where α B is a power control factor, H BR ∈ C MSs to the relay, andH MR denotes the small-scale fading coefficients matrix. 1 Let
Then, the received signal at the RS is given by
where z R,1 ∼ CN (0, σ 2 R,1 I N R ) denotes the additive white Gaussian noise (AWGN) at the RS.
B. RELAY PROCESSING
Upon receiving y R , a power splitter is employed at the RS for simultaneous information receiving and energy harvesting. Specifically, the received signal y R is splitted into two parts: √ ρ R y R for energy harvesting and √ 1 − ρ R y R for information processing, where ρ R ∈ [0, 1] is the power splitting ratio. Then the harvested power at the RS is
where η denotes the power conversion efficiency. √ 1 − ρ R y R is then converted into baseband for information processing, which can be expressed as
where
The transmit signal at the RS is then regenerated as
where α R is a power control factor, W RT ∈ C N R ×K denotes the RS transmit precoding matrix, and
RR is the overall processing matrix at the RS. In this work, we use ZF transmit precoding that
C. BC PHASE
In the second phase, the received signal at the BS and the k-th MS are respectively given by
and
where H RB ∈ C N B ×N R denotes the channel from the RS to the BS, while z B ∼ CN (0, σ 2 B I N B ) and z M ,k,1 ∼ CN (0, σ 2 M ,1 ) denote the AWGNs. Here, we assume that the noise variance are the same for all the MSs.
At each MS, a power splitting receiver is employed for information receiving and energy harvesting. The received signal y M ,k is splitted into two parts:
is the power splitting ratio. Then the harvested power at the k-th MS is
The other part of the received signal,
, is then converted into baseband for information detection, which can be expressed as
where w RR,k denotes the k-th column of W RR . Thanks to the ZF transmit precoding, from (13), we see that the interstream interference is cancelled out completely, and only the self interference exists in the received signal, which can be removed before signal detection. From the above equation, the received SINR at the k-th MS after energy harvesting and self-interference removing is given by
At the BS, no energy harvesting is involved, and the BS can recover the useful signals with ZF equalization. From (1), (7) and (9), the BS's received signal can be expressed as (15) where the first term on the right hand side of (15) denotes the self-interference which is known to the BS and can be removed before signal detection. While the second term denotes the desired signals from the K MSs, and
The BS removes the self-interference as
After removing the self-interference related to s B , a ZF receiving matrix
is applied to detect the MSs' messages as
Thanks to the ZF equalization, from (18), we see that the k-th equalized signalỹ B,k (the k-th element ofỹ B ), includes the desired signal s M ,k and the noise only, which implies that the interference among the K MSs are removed completely. Hence, the BS can detect the K MSs' signal one-by-one after ZF equalization.
From (18), the received SINR of the k-th MS's message at the BS is
where w B,k denotes the k-th column of W B .
III. ASYMPTOTIC PERFORMANCE ANALYSIS
A. POWER CONTROL FACTORS α B AND α R
With a large antenna array at the BS, the power control factor α B is given by
By the law of large numbers [19] 
where we have used the fact that
Similarly, from (6) and (7), the power control factor α R for the SSA-SWIPT protocol with ZF precoding is given by
B. HARVESTED POWERS AT THE RS AND MSS
First, consider the harvest power at the RS in the MAC phase. With the proposed SSA precoding, we have
With these results, the harvested power at the RS in (4) can be expressed as
Now consider the harvested power at the MSs in the BC phase. From (5) and (7), we have
Then, the harvested power in (11) at MS k is given by
where we have ignored the noise power. Substituting (21) and (22) into (26), we have
Remark 1: From (24) and (27), it can be seen that small-scale fading is mitigated due to the large antenna arrays at the BS and the RS. The harvested power at the RS increases with the number of BS antennas, while that of the MSs increases linearly with the number of antennas at the RS. VOLUME 6, 2018
C. ACHIEVABLE SUM-RATE
Note that the variance of the noise w H RR,k z R in (14) is given by
where in the last step we have used the identity E tr(
with N degrees-of-freedom [20] . Consequently, the asymptotic SINR at the k-th MS is given by
where k = 1, . . . , K , and α denotes the BS-to-RS antenna ratio defined as
Next consider the received SINRs at the BS. The variance of the noise term w H B,k z B in (19) is given by
Substituting (21), (22), (28) and (31) into (19), we have
Based on (29) and (32), the achievable sum-rate of the considered cTWRN is given by
where C(x) = 1 2 log 2 (1 + x). Remark 2: From (29) and (32), we see that the received SINRs increase with the number of RS antennas. As a result, the sum-rate performance can be efficiently improved with massive antenna arrays.
IV. SUM-RATE MAXIMIZATION
As mentioned earlier, both the RS and the MSs operate with their inherent power supply and the harvested energy from the received signals. For the RS, the transmit power budget is given by
where P R,0 denotes the RS's own power supply. For each MS, the transmit power is given by
where P M ,0 is each MS's inherent power supply. Clearly, from (24) and (27), we see that the harvested powers at the RS and the MSs depend on the the power splitting ratios ρ R and ρ M . Consequently, the achievable sumrate of the proposed SSA-SWIPT scheme is a function of the two power splitting ratios, and the sum-rate optimization problem can be formulated as P1: max
Unfortunately, as ρ R and ρ M appear in both the denominator and numerator of γ B,k and γ M ,k , it is quite difficult to obtain closed-form solution for the optimization problem P1. In the following, we derive a closed-form suboptimal solution for P1. Instead of maximizing the exact sum-rate, we aim to maximize a sum-rate lower bound.
Note that the noise variance σ 2 R can be upper bounded as
Furthermore, from (24), the harvested power at the RS is lower bounded by
Hence, the transmit power of the RS is lower bounded by
Also, as ρ R ∈ [0, 1], P R can be upper bounded by
Then, the received SINR γ B,k in (32) can be lower bounded by
Similarly, the noise variance σ 2 M can be upper bounded as
As a result, the received SINR γ M ,k at the MSs can be lower bounded by
With these two SINR lower bounds (41) and (43), together with the fact that log 2 (1 + x) ≥ log 2 (x), the sum-rate lower bound maximization problem can be formulated as P2: max
Note that the transmit power of the BS is much higher than that of the MSs in practical systems. Hence, the term M KP M in the denominator of eqs. (41) and (43) can be ignored. The optimization problem P2 can be expressed as P3: max
where we have discarded the constant terms in the objective function. It is easy to show that the solutions to the above problem are given by
where [x] + = max(x, 0). Remark 3: Consider an energy-harvesting cTWRN with fixed number of antennas at the BS and RS. From (46), we see that if P M ,0 ≥ P M ,E,max ηN R M P R,0 /K , then ρ * M = 0. Here, P M ,E,max is the maximum harvested power at each MS. This suggests that if the MSs have sufficient inherent power as compared with P M ,E,max , then there is no need to harvest energy from the received signal. On the other hand, from (46), we have ρ * M = 1/2 if P M ,0 = 0. In this case, half of the received signal will be used for energy harvesting if the MSs are solely powered by the RS. Similarly, From (47), we see that if the relay's inherent power supply is higher than the maximum harvested power from the BS, i.e., P R,0 ≥ P R,E,max ηN B B P B , then the RS will not harvest energy from the received signal, i.e., ρ * R = 0. On the other hand, if the RS are solely powered by the BS, half of the received signal will be used for energy harvesting at the RS, i.e., ρ * R = 1/2 if P R,0 = 0. Remark 4: Consider an energy-harvesting cTWRN with fixed power budgets. When the numbers of antennas at the BS and RS go infinite, i.e., N B → +∞ and N R → +∞, then we have ρ * M = 1/2 and ρ * R = 1/2. This suggests that half of the received signal will be used for energy harvesting at the RS and MSs when the BS and the RS are equipped with a large number of antennas.
V. NUMERICAL RESULTS
In the simulations, the channels are assumed to be reciprocal that H RB Table 1 . The proposed schemes are compared with 1) a cTWRN without energy harvesting and 2) a conventional point-to-point cellular system where the BS is equipped with a large antenna array and the MSs communicate with the BS directly. Fig. 2 shows the achievable sum-rate of the proposed SSA-SWIPT scheme with optimal power splitting ratios. The relay is located close to the MSs that d BR = 40 m and d MR = 10 m. From the figure, we see that the achievable sum-rate increases with the number of relay antennas, and the analytical results are accurate when the RS is equipped with more than 80 antennas. It is also observed that the sumrate is nearly doubled when the number of MSs increased from 5 to 10. Fig. 3 shows the achievable sum-rate of the massive MIMO cTWRN with K = 5 MSs, while Fig. 4 shows the corresponding power splitting ratios at the RS and the MSs. The other simulation parameters are the same as those in Fig. 2 . For performance comparison, we also plot the sumrate of a conventional non-energy harvesting cTWRN with SSA relaying protocol (ρ R = ρ M = 0). From Fig. 3 , it can be seen that when the relay is equipped less than 30 antennas, these three schemes achieves almost the same sum-rate performance. However, as the number of relay antenna increases, the proposed SSA-SWIPT schemes significantly outperform the conventional non-energy harvesting counterpart, while the gap between the optimal and suboptimal schemes are small regardless of the number of relay antennas. This is due to the fact that when the number of relay antennas becomes large, the power transfer efficiency improves and the MSs tend to harvest more energy to improve the uplink data rate. As shown in Fig. 4 , more than half of the received signal's power is harvested at the MSs (ρ M ≥ 0.5) when the RS is equipped with more than 50 antennas.
A. ANALYTICAL VERSUS SIMULATION RESULTS

B. OPTIMAL VERSUS SUBOPTIMAL DESIGNS
C. IMPACT OF RELAY LOCATION
In Fig. 5 , we plot the sum-rate of the proposed scheme when the RS is placed at different locations. From the figure, we see that the proposed scheme outperforms the non-energy harvesting scheme when the relay is close to the BS (d BR ≤ 22m) or the MSs (d BR ≥ 34m). This is due the fact that when the RS is close to the BS, the relay will harvest power from the BS, while the MSs will harvest power from the RS when the RS is close to the MSs. As a results, a higher sum-rate can be achieved with the increased transmit power budget. scheme. From Fig. 6 , it can be seen that the proposed scheme significantly outperforms the non-energy harvesting scheme when the MSs has a little inherent power supply, and the gap between the optimal and suboptimal schemes are small. For instance, the proposed scheme with optimal power splitting ratios achieves 35% sum-rate gain as compared with the nonenergy harvesting counterpart when each MS has a inherent power supply of −20 dBm. On the other hand, the achievable sum-rate of these three schemes are almost the same when the MSs have enough inherent power supply. Fig. 8 shows the sum-rate performance under different number of users for the proposed scheme. The inherent power supply for each MS is −20 dBm. The relay is located close Fig. 3 . From the figure, we see that due to the massive antenna array gain, the achievable sum-rate increases with the number of users for both optimal and suboptimal schemes.
E. IMPACT OF THE NUMBER OF MSS
F. WIRELESS-POWERED CTWRNS
Finally, we consider a fully wireless-powered cTWRN that both the RS and the MSs have no inherent power supply, i.e., P R,0 = 0 and P M ,0 = 0. The relay is located close to the MSs that d BR = 40 m and d MR = 10 m. In this case, both the RS and the MSs need to harvest power from the received signals. From the figure, it can be seen that the achievable sum-rate is minimized when the relay is placed at the middle point for all these schemes.
VI. CONCLUSION
In this paper, we proposed a SSA based SWIPT scheme for energy-harvesting and information exchange in massive MIMO cTWRNs. We analyzed the asymptotical performance of the SSA-SWIPT scheme when the numbers of antennas at the BS and the RS become large. We also investigated the optimal power splitting ratios to maximize the sum-rate and proposed closed-form suboptimal power splitting ratios for low-complexity implementation. It was shown that by employing very large antenna arrays at the BS and the RS, both the energy transfer efficiency and the sum-rate performance can be significantly improved. His research interests include the structural design and fabrication of non-oxide glass fiber, fiber sensing, and nonlinear fiber optics.
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